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Abstract 
 
Heat flow variability at the Costa Rica subduction zone as modeled by 
bottom-simulating reflector depths imaged in the CRISP 3D seismic 
survey 
 
Shannon Lynn Cavanaugh, M.S. Geo. Sci. 
The University of Texas at Austin, 2012 
 
Supervisors:  Nathan L. Bangs and Kirk D. McIntosh 
 
3D seismic reflection data were acquired by the R/V Langseth and used to extract 
heat flow information using bottom-simulating reflector (BSR) depths across the southern 
Costa Rica convergent margin. These data are part of the CRISP Project, which will 
seismically image the Middle America subduction zone in 3D. The survey was conducted 
in an area approximately 55x11 km, northwest of the Osa Peninsula, Costa Rica. For the 
analysis presented here, seismic data were processed using a post-stack time migration. 
The BSR—a reverse polarity seismic reflection indicating the base of the gas 
hydrate phase boundary—is imaged clearly within the slope-cover sediments of the 
margin wedge. If pressure is taken into account, in deep water environments the BSR acts 
as a temperature gauge revealing subsurface temperatures across the margin. Two heat 
flow models were used in this analysis. In the Hornbach model BSR depth is predicted 
using a true 3D diffusive heat flow model combined with Integrated Ocean Drilling 
Program (IODP) thermal conductivity data and results are compared with actual BSR 
 vii 
depth observations to constrain where heat flow anomalies exist. In the second model 
heat flow values are estimated using the heat flow equation. Uniform heat flow in the 
region should result in a deeper BSR downslope toward the trench due to higher pressure; 
however results indicate the BSR is deepest at over 325 meters below the seafloor (mbsf) 
further landward and shoals near the trench to less than 100 mbsf, suggesting elevated 
heat flow towards the toe of the accretionary prism. Heat flow values also reflect this 
relation. In addition to this survey-wide trend, local heat flow anomalies appear in the 
form of both circular patterns and linear trends extending across the survey, which can be 
related to mounds, thrust faults, folds, double BSRs, and seafloor erosion imaged in the 
seismic data. I suggest that these areas of higher local heat flow represent sites where 
advection of heat from deep, upward-migrating, thermogenically-sourced fluids and/or 
gases may be taking place. These heat flow trends have implications for not only 
earthquake nucleation, but also methane hydrate reserve stability. 
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Chapter 1: Introduction 
Subduction zones around the world and the earthquakes they generate have been a 
focus of study for many years. Although much is becoming known about them, there still 
remains much uncertainty in the processes and dynamics at these plate boundaries that 
influence the generation of some of Earth’s largest earthquakes. The Costa Rican margin 
provides an excellent area of study, as there have been many recorded earthquakes, 
drilling sites, seismic profiles, bathymetry and magnetic data, and geochemical 
measurements.  
Regional heat flow along the margin has been a great topic of research due to the 
strong effect of plate boundary temperature on earthquake nucleation. The updip extent 
of observed seismicity has been correlated to temperatures in the range of 100°C-150°C 
(Harris and Wang, 2002; Hyndman and Wang, 1993; Hyndman et al., 1997; Spinelli and 
Saffer, 2004), while the downdip extent is observed to correlate with the 350°C isotherm 
or the intersection of the Moho with the plate boundary (Hyndman et al., 1997; Peacock 
and Hyndman, 1999; Seno, 2005). Several studies, which will be discussed in detail in 
the next section, have focused on measuring heat flow along transects using both heat 
probe measurements and interpretation of seismic reflection data. Because the majority of 
the seismic reflection data exist as 2D profiles, heat flow probe measurements done in 
transects have often been along these same lines. Additionally, heat flow probe 
measurements taken sporadically throughout the margin have contributed to a regional 
heat flow profile, although not in a densely-gridded manner. With the lack of 3D seismic 
reflection data, heat flow models have been constrained to just 2D profiles. The problem 
created by this sparse coverage of data is the heat flow values and relations to tectonic 
features in the subsurface are often generalized and accepted for a much broader area 
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surrounding the actual study area, when in fact the data may or may not be representative 
of the total subsurface volume. In order to make more accurate regional heat flow 
observations from seismic reflection data, the use of 3D seismic datasets is proposed.  
This thesis will focus on modeling the heat flow off the southern part of the north 
Pacific margin using the Costa Rica Seismogenesis Project (CRISP) 3D seismic data set. 
Regional and local heat flow trends will then be examined and correlated with subsurface 
tectonic features throughout the margin wedge in the survey area. I propose that venting 
processes through subsurface faults, stratigraphic pathways, and seafloor mounds 
collectively are responsible for localized high heat flow signatures. By studying the 
advective transfer of heat of these features, more about the fluid migration system in 
subduction zones can be learned. In this thesis I will examine fluid migration pathways in 
the overriding plate and their control on heat flow.  
PREVIOUS HEAT FLOW STUDIES 
In order to better understand processes that control earthquake nucleation and 
rupture in subduction zones, mechanical properties of the seismogenic zone (SZ) must be 
examined. The SZ is the region of the plate boundary where earthquakes nucleate and 
rupture and is composed of regions of interseismic locking and coseismic slip (Harris et 
al., 2010a). Constraining the updip and downdip limits of the SZ is a vital step in 
improving our knowledge of earthquake processes. The updip limit of the SZ marks the 
transition from aseismic stable slip to interseismic locking. This limit has been associated 
with 100°C-150°C isotherms from observed seismicity (Harris and Wang, 2002; 
Hyndman and Wang, 1993; Hyndman et al., 1997; Spinelli and Saffer, 2004). These 
temperatures have also been associated with dehydration reactions from biogenic opal 
and smectite in subducted sediment (Kimura et al., 1997; Spinelli and Underwood, 2004). 
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The biogenic opal undergoes a transition to quartz at ~50°C-100°C, while smectite 
transforms to illite at ~60°C-160°C (Moore and Vrolijk, 1992; Pytte and Reynolds, 1988). 
Where the temperature increases beyond these ranges, the absence of released fluids 
facilitate interseismic locking. At the opposite end of the SZ, the downdip limit of 
observed seismicity has been correlated with the 350°C isotherm or to the intersection of 
the Moho in the overriding plate (hydrated serpentinized mantle) with the plate boundary 
thrust (Hyndman et al., 1997; Peacock and Hyndman, 1999; Seno, 2005). At this 
temperature and depth, the brittle-ductile mechanical transition takes place, increasing the 
strength of the rocks and undergoing a change from interseismic locking to aseismic 
stable slip. Figure 1 shows a schematic of a subduction thrust with the SZ labeled. 
Because of this sizeable apparent influence of temperature on the extent of the 
seismogenic zone, characterizing heat flow and isothermal structure along the margins of 
many subduction zones has been undertaken. At the Costa Rican margin, many heat flow 
measurements have been taken and the values indicate large strike-oriented variations in 
heat flow across the margin (Vacquier, 1967; von Herzen, 1963). Figure 2 shows a map 
of the regional heat flow offshore Costa Rica from Von Herzen and Uyeda (1963) and 
Vacquier et al. (1967). These heat flow measurements were taken using a probe and the 
heat flow fraction was calculated at each probe measurement location by taking the ratio 
of observed to model-predicted heat flow by Stein and Stein (1992). The heat flow 
fractions show a distinct north to south heat flow increase across the plate suture, which 
marks the transition from crust generated by the East Pacific Rise (EPR) to crust 
generated by the Cocos Nazca Spreading Center (CNS). Several others have made 
thermal models of the subduction zone since then using data from ODP Leg 170 offshore 
the Nicoya Peninsula, heat probe measurements along the margin, and BSR depths 
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imaged in seismic reflection data (Harris et al., 2010b; Harris and Wang, 2002; Langseth 
and Silver, 1996; Spinelli and Saffer, 2004).  
 
 
Figure 1: Subduction zone thrust schematic depicting the seismogenic zone in orange 
with the updip and downdip limits labeled with corresponding temperatures 
and composition of materials. Dehydration reactions with clays (Moore and 
Vrolijk, 1992; Pytte and Reynolds, 1988) characterize the updip limit while 
the intersection of the overriding plate with serpentinized mantle correlates 
with the downdip limit (Hyndman et al., 1997; Peacock and Hyndman, 
1999; Seno, 2005). 
Langseth and Silver (1996) took over 100 heat flow measurements offshore 
Nicoya Peninsula and followed a one dimensional thermal model developed by Ferguson 
et al. (1993). This model assumes the margin acts as a deforming accretionary prism and 
that there is a combination of hydrothermally cooled sedimentary layer on top of the 
prism that relaxed once the oceanic crust was subducted, in addition to frictional heating 
acting on the plate boundary. Both of these factors contribute to the increased heat flow 
 5 
landward (Harris et al., 2010b). The model results were explained by a significant amount 
of faulting in the shallow oceanic crust, which increased permeability and allowed colder 
oceanic water to circulate and cool the down-going plate (Langseth and Silver, 1996). 
 
 
Figure 2: a) Heat flow fractions calculated offshore Costa Rica (observed vs. predicted 
heat flow ratio) from von Herzen and Uyeda (1963) and Vacquier et al. 
(1967). Red dashed line is the Fisher et al. (2003) transition from warm to 
cool crust. Magnetic lineations and black dashed lines are as described in 
Figure 4. b) Heat flow fraction histogram of East Pacific Rise (EPR) crust 
north of the plate suture. c) Heat flow fraction histogram of Cocos-Nazca 
Spreading Center (CNS) crust south of the plate suture. (Modified from 
Harris et al., 2010b). 
Since drilling ODP Leg 170, Kimura et al. (1997) found the Costa Rican margin 
to be non-accretionary. Taking this into consideration, Harris and Wang (2002) updated 
the model of Langseth and Silver (1996) and excluded the deforming accretionary prism. 
This omission suggested that significant frictional heat is not required for the model to 
match the landward increase in heat flow. This increase in heat flow landward from the 
trench is explained by hydrothermal cooling being shut off as subducting slab depth 
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increases (Harris and Wang, 2002). These results were also shown to be consistent with 
geotherms from conductive models representing CNS crust on the opposite side of the 
plate suture, which moved the 100°C-150°C isotherm seaward about 25 km. 
Differing from the model in Harris and Wang (2002), Spinelli and Saffer (2004) 
modeled the thermal regime and updip limit of seismicity along the margin both north 
and south of the plate suture. They used a one-dimensional transient simulation after 
Ferguson et al. (1993) in order to see the effects of variations in dehydration reaction 
kinetics and trench parallel fluid pressure. When modeling the heat flow for EPR crust 
north of the plate suture, hydrothermal circulation was accounted for, but was shut down 
at the trench or 10 km downdip from the trench (Spinelli and Saffer, 2004). Since the heat 
flow values of the CNS crust agree much better with conductive heat model predictions 
for crust of that age (Stein and Stein, 1992), Spinelli and Saffer (2004) used conductive 
heat flow modeling for areas south of the plate suture. Overall, Spinelli and Saffer (2004) 
found heat flow results slightly warmer, though very close, to Harris and Wang (2002). 
In order to build on these models, Harris et al. (2010a) incorporated both heat 
probe measurement data and 2D seismic reflection lines to collectively provide a much 
broader set of data to work with. The 2D heat flow models range across 16 transects from 
the northern Nicoya region of the margin to the southern Osa region. In order to derive 
heat flow information where probe measurements do not exist, bottom-simulating 
reflector (BSR) depths observed in seismic data were used. As will be explained in 
greater detail in the next chapter, BSRs correspond to an isotherm, and regional 
geothermal gradients along the margin can thus be estimated (e.g. Grevemeyer and 
Villinger, 2001; Hyndman et al., 1992). The geothermal gradient is one of the key 
variables in determining heat flow, and thus thermal models. The thermal models Harris 
et al. (2010b) created used the algorithm developed by Wang et al. (1995). Heat flow was 
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modeled by advection along the subducting plate and by conduction through the fore arc 
with hydrothermal circulation also taking place on both sides of the plate suture (Harris et 
al., 2010b). The results of this study indicate cooler thermal models and a cooler 
subduction thrust in general, compared with the previous models of Harris and Wang 
(2002) and Spinelli and Saffer (2004), due to dual heat flow styles and deeper-penetrating 
hydrothermal circulation. 
All of these models have contributed to the knowledge we have of heat flow at the 
Costa Rican margin. Where heat flow probe measurements have been absent, 2D seismic 
reflection lines have provided a way to model heat flow by use of BSR depths. In this 
thesis I seek to build on this collection of heat flow data by utilizing a 3D seismic 
reflection data set, which shows fluid flow features in much more detail. The features that 
make up the slope cover structure are strongly influenced by the hydrogeology in the 
margin. Deeply-sourced, thermogenically-produced methane at the plate boundary 
migrates upward through faults and strata throughout the entire survey, confirming that 
advective heat transfer is a regional process. In particular, I show that the heat flow in this 
survey area is even higher than previously published and discover a new seafloor mound 
with an anomalously high heat flow signature.  
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OBJECTIVES 
The primary purpose of this thesis is to characterize the heat flow in the 3D 
seismic survey area at the southern Costa Rican margin and relate both general trends and 
local anomalies to features seen both on and below the seafloor. This fine grid of heat 
flow values on the overriding plate provides an opportunity to observe these trends in a 
regional setting, which before have only been interpolated at this margin. Chapter 2 
focuses on the geologic setting and background information of the Costa Rican 
convergent margin, as well as the methods used for heat flow modeling. The methods 
section includes the acquisition parameters and processing techniques for the CRISP 3D 
seismic reflection survey completed in May 2011 aboard the R/V Langseth, in addition to 
the two 3D heat flow models. Results from the heat flow model will be analyzed in 
Chapter 3, where subsurface features such as faults, upturned strata, and seafloor mounds 
will be correlated with anomalously high local heat flow. Chapter 4 includes a discussion 
of how the heat flow signatures are influenced by fluids and/or gases migrating through 
pathways in the deformed overriding plate and offer conclusions from this thesis of study.  
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Chapter 2: Background and Methods 
In order to construct a model for heat flow at this margin, an understanding of the 
background information, including both the geologic setting and description of methane 
hydrates, is necessary. Because heat flow in the northern portion of the study area is so 
different from the south, properties of each region’s subducting plate must be examined 
separately to provide further insight. The “Costa Rica Geological Setting” subsection will 
further explore those aspects. As mentioned in the previous chapter, observed BSR 
depths are used in modeling heat flow. More details on BSRs and the methane hydrates 
that cause them are provided in the “Methane Hydrates” subsection. The second half of 
the chapter will describe the methodology used for constructing the heat flow models. 
This will include the CRISP 3D seismic reflection survey with acquisition parameters, 
processing workflow, and interpretation. The 3D heat flow model by Hornbach et al. 
(2012) and an additional 3D heat flow model I developed will be described in detail at the 
end of the chapter. 
BACKGROUND INFORMATION 
Costa Rica Geological Setting 
The research in this thesis centers on the subduction zone on the western coast of 
Costa Rica where the Cocos Plate is subducting beneath the Caribbean Plate at the 
Middle American Trench (MAT). This subduction rate varies from 87 mm/yr offshore 
the Nicoya Peninsula to 96 mm/yr offshore the Osa Peninsula (DeMets, 2001). While the 
convergent margin was originally thought to be accretionary (e.g. Shipley et al., 1992), it 
has since been classified as erosional due to interpreted tectonic erosion of the upper plate 
(Ranero and von Huene, 2000). The subducting Cocos Plate has varying seafloor 
morphology and has been classified as having three distinct segments: 1) Cocos Ridge  
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Figure 3: Regional bathymetry map showing local 2D seismic lines, heat flow data of 
Langseth and Silver (1996) in triangles, and new heat flow data from Harris 
et al. (2010a) in circles. Three margin segments are labeled, as well as the 
approximate location of the plate suture. White shaded areas are where 
bottom-simulating reflectors have been observed. (From Harris et al., 
2010a). 
near the Osa Peninsula to the south; 2) seamount-covered section off central Costa Rica; 
3) smooth crust segment to the north near Nicoya Peninsula (von Huene et al., 2000). 
These different seafloor features can be explained by two separate sources of oceanic 
crust, the fast-spreading East Pacific Rise (EPR) for the smooth segment and the 
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intermediate-spreading Cocos-Nazca Spreading Center (CNS) for the other two segments 
(Hey, 1977). These three segments along with seafloor bathymetry are displayed in 
Figure 3. 
The smooth oceanic floor to the north is about 24 Ma and 5-6 km thick with EPR 
origins and decreases to about 15-16 Ma drifting southward towards the rougher 12-km-
thick CNS-generated crust (Barckhausen et al., 2001; Stavenhagen, 1998; von Huene et 
al., 2000). The ages for the incoming oceanic crust were found by detection of magnetic 
lineations by Barckhausen et al. (2001). The transitional seafloor crust between these two 
regions has been named the “plate suture” including both a fracture zone and a triple 
junction trace shown in Figure 4 (Barckhausen et al., 2001). However, the rough-smooth 
boundary proposed by Hey (1977) is further southeast as proposed by Barckhausen et al. 
(2001) due to the mapping of more seamounts in what was thought to be the “smooth” 
crust segment (Fisher et al., 2003). Offshore the northern Nicoya Peninsula region, the 
older and smoother EPR-generated oceanic crust has a subducting dip angle of ~6° 
nearest the trench and increases landward to about 35° (Christeson et al., 1999), while the 
younger and rougher CNS-generated oceanic crust to the south has a subducting dip 
angle of about 19° (DeShon et al., 2003; Stavenhagen, 1998). From north to south along 
the Costa Rica margin the subducting slab’s dip angle decreases. This is consistent with 
the CNS crust being younger, warmer, thicker, and more buoyant, resulting in a 
shallower dip angle. 
As the oceanic crust decreases in thickness from the southeast to northwest, so too 
does the overlying ocean basin sediment from as much a 1 km furthest southeast to 300-
500 m furthest northwest (Kimura et al., 1997; Morris, 2003; von Huene et al., 2000). 
The corresponding continental margin wedge has an opposite trend of thickening from  
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Figure 4: Tectonic setting at the Middle America Trench. Magnetic lineations with 
corresponding ages of oceanic crust in Myr are shown in blue for EPR-
generated crust and in red for CNS-generated crust. The plate suture is 
displayed as well as Smooth, Seamount, and Cocos Ridge segments (von 
Huene et al., 2000). Depths to the top of the subducting slab are shown in 
colorscale from Ranero et al. (2005) with CI = 20 km. 2D seismic lines are 
shown along with heat flow data as circles (Harris et al., 2010) and heat 
flow data as triangles (Langseth and Silver, 1996). (Modified from Harris et 
al., 2010b). 
the southeast to the northwest due to larger amounts of seamounts and ridges eroding the 
overriding plate southeast of the plate suture (Ranero and von Huene, 2000). Near the 
Nicoya Peninsula, seismic data and drilling has shown a slope sediment cover thickness 
ranging from a couple hundred meters to ~2 km thick atop igneous crystalline basement 
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rock, likely extending from the ophiolite complex onshore (Harris et al., 2010b; Kimura 
et al., 1997). This crystalline low-permeability material, as well as the oceanic crust 
subducting at this site, is cut by normal faults caused by flexure of the down-going plate, 
which serve to increase the near-surface permeability (e.g. Langseth and Silver, 1996; 
McIntosh et al., 1993; Ranero and von Huene, 2000). Farther south there is a decrease in 
plate-bending normal faults and since the sediments overlying fault blocks are 
undisturbed, it has been suggested that observed faults are unrelated to subduction 
(Ranero et al., 2005).  
These three segments have distinctly different margin characteristics which are 
directly related to subducting topography. The Nicoya segment margin has deep canyons 
in the upper slope, shallower canyons in the middle slope, and more recent sedimentation 
in the form of a 10 km wide prism nearest the trench (Harris et al., 2010a; von Huene et 
al., 2000). Much of the topography (seamounts and ridges) on the CNS-generated crust is 
accredited to the Galapagos Hot Spot (Werner et al., 1999). While the Cocos Plate passed 
over, tracks were created, where some seamounts were dated to be about 14.5 Ma 
(Werner et al., 1999). In the seamount segment of the margin, seamounts cover roughly 
40% of the seafloor. Embayments, mass wasting deposits, and slumping are found in 
areas where seamount subduction has taken place, and often domes and rounded uplifts 
mark where a current seamount is subducting (von Huene et al., 2004; von Huene et al., 
2000). These characteristics make for a less stable margin segment than the smooth 
segment. Finally, the Cocos Ridge segment nearest the Osa Peninsula contains a 
bathymetric high of nearly 2 km in height, more than 1000 km in length, and 250-500 km 
in width which is subducting, resulting in a steep and narrow margin (Hey, 1977; von 
Huene et al., 2000). Perspective views of the three segments are shown in swath 
bathymetry data in Figure 6 and the extent of those segments is displayed in Figure 5.  
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These differences in age, topography, structure, and slab dip angle of subducting 
oceanic crust along the margin of Costa Rica have a large influence on the regional heat 
flow. For northern EPR-generated crust of this age, the average heat flow values 
predicted from conductive models are ~100-130 mW m
-2
, whereas the observed heat flow 
values in this region are extremely low at about 30 mW m
-2
, with a standard deviation of 
15 mW m
-2
 (Langseth and Silver, 1996; Stein and Stein, 1992). In the southern end of the 
Costa Rica margin, the observed heat flow values increase drastically to an average of 
110 mW m
-2
 with a 60 mW m
-2
 standard deviation, much closer to the conductive model 
prediction but with more variation due to focused fluid flow (Harris et al., 2010b). The 
location of this dramatic increase in heat flow is close to the plate suture and has been the 
object of two thermal studies (Fisher et al., 2003; Hutnak et al., 2007). Both attribute the 
drastically cooler oceanic crust to the north of the suture to basement outcrops which 
serve to increase lateral permeability and allow hydrothermal fluids to extract 
lithospheric heat more efficiently within the upper 100-600 m of basement. 
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Figure 5: Swath bathymetry map with labeled topographic features. White box outlines 
the Leg 170 drilling area. SB = segment boundary and CNS = Cocos-Nazca 
spreading center crust. The red dashed line shows the extent of Figure 6a, 
the yellow dashed line is the extent of Figure 6b, and the orange dashed line 
is the extent of Figure 6c (Modified from von Huene et al., 2000). 
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Figure 6: Swath bathymetry data displaying margin slope morphology of the three 
segments. (a) Area between where ODP Leg 170 was drilled and Fisher 
Seamounts displaying the slide from a subducting seamount. (b) Area 
between Fisher Seamount to northern-most side of the Cocos Ridge. (c) 
Area looking down the trench axis and over the Cocos Ridge crest, where 
the Cocos Plate is on the left. (From von Huene et al., 2000). 
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Figure 6: (continued) 
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Methane Hydrates 
Methane hydrates are frozen cage-like structures of water molecules surrounding 
methane gas, which exist worldwide in two different types of environments: continental 
permafrost and continental slope sub-seafloor sediment (Kvenvolden, 1993). Methane 
hydrates are important in that they contain large amounts of methane, a potent 
greenhouse gas which leads to global warming, as well as a potential energy source 
(Kvenvolden, 1993). In fact, it is estimated that the amount of carbon contained in gas 
hydrates is twice the amount in the global fossil fuel reserve (Kvenvolden, 1988). In sub-
sea regions, gas hydrates are found where there is an ample supply of methane, either 
biogenically or thermogenically-sourced, and where temperatures are low (0°-25°C) and 
pressures are high (0.2-5 MPa) (Kvenvolden and McMenamin, 1980). Figure 7 shows a 
methane hydrate stability curve for a methane-pure water system as well as other water 
mixtures. Deeper than the upper few hundred meters of the seafloor, the geothermal 
gradient surpasses the highest temperature at which methane hydrates are stable, and the 
methane dissociates into free gas, despite the rising pressures. Temperature, then, exerts a 
larger control on hydrate stability in this environment than pressure, and the phase 
boundary between solid hydrate and free gas represents an isotherm (Grevemeyer and 
Villinger, 2001). 
The source of methane for forming methane hydrates differs regionally along the 
Costa Rica margin. North off the Nicoya Peninsula at DSDP Site 565, Kvenvolden and 
McDonald (1985) cited a mainly microbial, or biogenic, source for the formation of 
methane due to the C1/C2 (methane/ethane) ratio of 2000. From drilling in this location, 
bubbling white, ice-like pieces of methane were recovered from depths of 285 and 319 
mbsf, well within the hydrate stability zone of ~100-400 mbsf (Kvenvolden and 
McDonald, 1985; Pecher et al., 1998). To the south in the seamount segment of the 
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margin, 3 seafloor mounds have been imaged and studied: Mound Quepos, Mound 11, 
and Mound 12 (Hensen et al., 2004; Schmidt et al., 2005; Soeding, 2003). Figure 8 shows 
 
 
Figure 7: Pressure vs. temperature phase diagram showing where methane hydrates are 
stable in cases of pure water and methane and three other systems of 
different gas mixtures and salinities (MacLeod, 1982; Minshull and White, 
1989; Townend, 1997). 
 20 
the locations of these features and DSDP Site 565. These mounds exist due to long-term 
upwards migrating CH4-rich fluids with mud escaping at the seafloor and accumulating 
into mounds (Hensen et al., 2004). At Mound 11, which is near the CRISP 3D survey 
area, estimation of formation fluid temperatures using δ18O and δD values of the venting 
fluid (Sheppard and Gilg, 1996) reveal that the source of methane in the dissociating 
methane hydrates in the mound is thermogenic (Hensen et al., 2004; Milkov et al., 2003). 
Whether biogenic or thermogenic in source, the methane could either be produced in situ 
or at greater depth and migrate upwards into the HSZ. Since the HSZ is limited to ~100-
400 mbsf, it does not follow that the temperatures and pressures are high enough to 
supply enough in situ methane to have an ample amount left to form methane hydrates 
that did not get dissolved into the pore-fluid water (Pecher et al., 1998). Due to this 
improbability, it is more likely that methane would be transported upwards from greater 
depths as gas bubbles within migrating fluids along faults or in sediment pores (Hensen et 
al., 2004; Pecher et al., 1998). 
Gas hydrates have been observed in many locations worldwide, both from 
recovered samples and inferred from seismic reflection data. These indicators are both 
present offshore Costa Rica. Because even a small amount of free gas in sediment causes 
a dramatic decrease in seismic P-wave velocity (Domenico, 1977), this creates a negative 
impedance contrast between the “faster” solid hydrate-filled sediment above (in the HSZ) 
and the “slower” free gas-filled sediment below (e.g. Ewing and Hollister, 1972). This 
acoustic impedance contrast is large enough to be seen in seismic reflection profiles as a 
reverse polarity, compared to the seafloor, bottom-simulating reflector (BSR) as 
illustrated in Figure 9 (Shipley et al., 1979). Because BSR depths are dependent on 
temperature and pressure, these reflectors mimic seafloor topography and often cut across 
seismic stratigraphic layers (Shipley et al., 1979). 
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Figure 8: Bathymetry map showing locations of mounds as well as DSDP Site 565 
(Modified from Hensen et al., 2004). 
Pecher et al. (1998) describe the distribution of BSRs at the Costa Rica margin as 
being widespread and extending almost continuously down the continental slope 
northwest of Fisher Seamounts and southeast of Quepos Plateau. The seamount segment 
of the margin is said to have no BSRs due to slope failures from subducting seamounts 
(Pecher et al., 1998). Vertical movement of the BSR occurs when there is uplift or 
erosion of the sediment section. In a case of uplift, the BSR’s position relative to a point 
in the hydrate stability zone (HSZ) would move upwards and would be expected to lead 
to dissociation of gas hydrates, releasing methane gas and further enhancing the 
amplitude of the BSR (Pecher et al., 1998). Conversely, in a situation of seafloor surface 
erosion, the BSR would move downwards, absorbing methane gas into the HSZ and 
suppressing the formation of BSRs (Pecher et al., 1998). With subducting seamounts 
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causing slumping of the continental slope, most BSRs were destroyed, although in places 
they remained intact when the sediment slumped as a block (Pecher et al., 1998). In 
addition to tectonic uplift, sedimentation on the slope also causes an upward movement 
of the BSR, while subsidence, as well as erosion, leads to a downward movement of the 
BSR. Figure 10 shows examples of seismic lines along the Costa Rica margin with the 
corresponding BSR positions. 
 
 
Figure 9: Example BSR on a 2D seismic reflection line offshore South Carolina at Blake 
Ridge. The BSR represents the base of the hydrate stability zone (HSZ) and 
cuts across dipping strata (Modified from Shipley et al., 1979). 
Figure 10: (Next page) Example seismic lines showing BSR position and structural 
features across the Costa Rica margin. All seismic lines are poststack time 
migrated with exception to Line SO81-21 being prestack depth migrated. 
All seismic line locations are displayed in Figure 1 (From Harris et al., 
2010a). 
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METHODS 
Seismic Acquisition 
For this thesis I used the CRISP 3D seismic reflection data (MGL1106) acquired 
from April 7
th
 to May 12
th
 of 2011 by the scientific party aboard the R/V Langseth. 
CRISP’s objective was to image the subduction zone and later drill to the plate boundary 
between the overriding and subducting plate in order to collect sediment and fluid 
samples providing further physical constraints on the seismogenic zone. The focus of this 
survey was to image in detail the plate boundary and overriding plate at the southern 
Costa Rican convergent margin, in order to plan future drilling sites. Positioned 
perpendicular to the trench axis at the angle of convergence (about 25 degrees from 
North), the survey box location is pictured in Figure 11. The survey box measures 11 km 
in width by 55 km in length. This survey is the first 3D seismic coverage in this southern 
area. 
The recording system used to acquire the survey was the Syntron Syntrak 960, 
which digitally recorded airgun source signals on four 6 km-long hydrophone streamers 
towed at a depth of 8 meters. The airguns were set up in two separate arrays at 7 meters 
depth and 75 meters apart, with each array containing 3300 cubic inch total volume using 
18 airguns with 2000 psi air pressure. The two airgun arrays alternated shots every 25 
meters, which were recorded by a total of 1872 channels. Each streamer contained 468 
channels, with a channel separation of 12.5 meters. The near and far offsets from source 
to receiver were 167 and 6,005 m, respectively.  
The processed 3D seismic volume contained 295 inlines and 2,223 crosslines, 
with spacing between each subsurface CMP line being 25 m and 37.5 m, respectively. In 
each seismic record, the length was 8 sec. Frequencies mostly ranged from between 
approximately 6 to 80 Hz, with 42 Hz being the dominant frequency and 125 Hz being 
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the Nyquist frequency for the 2 ms sample interval. Figure 12 displays the spectral 
analysis of the data. The vertical resolution of the data nearest the seafloor was about 9.5-
10.5 m. 
 
 
  Figure 11: Bathymetry map showing the CRISP 3D seismic survey area outlined in red. 
QP = Quepos Plateau, FS = Fisher Seamounts, CR = Cocos Ridge. 
Locations and rupture areas of three earthquakes are shown with stars and 
gray shaded regions. Zoomed in survey box features high resolution 
bathymetry collected on the cruise and processed by Jared Kluesner. Black 
outlined area shows the extent of the BSR imaged in the seismic data and 
where the heat flow model was run. (Modified from Bilek et al., 2003) 
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Figure 12: Spectral analysis of the data before filtering. The top figure shows the full 
spectrum of frequencies with a heavy bias on low frequency noise. The 
bottom figure shows a detailed analysis of frequencies less than 10 Hz. 
Seismic Processing 
This section will outline the steps taken while processing the MGL1106 seismic 
survey. The software I used for processing was Paradigm Geophysical’s FOCUS 
software package. In this processing workflow, I started out with frequency filtering in 
order to increase the signal-to-noise ratio. Next the data was sorted into common mid-
point (CMP) sections, and a velocity model was made. This velocity model was then used 
to stack the sections and finally migrate the data. 
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Noise filtering was a critical first step in order to remove background noise and 
increase the signal to noise ratio. There was a significant amount of low-frequency noise 
(as seen in Figure 12), which proved difficult to remove. Filtering the shot gathers before 
sorting them into CMPs was necessary, because some of the filtering techniques required 
the traces to be in their original position. Several modules were utilized in this workflow 
including DEBIAS, SUPPRES, and TFCLEAN. DEBIAS was used in order to remove a 
bias of the very low frequency swell noise from the data, since the amplitude of the low 
frequency traces was so high. Second, the SUPPRES module was applied to the data and 
provided time-variant, band-limited noise suppression for common background noise 
such as low-frequency swell noise. The Butterworth filter that is built-in to the SUPPRES 
module then subtracted the range of noise frequencies from the input frequencies. 
TFCLEAN was added last and is a module that works in the time-frequency domain and 
scales anomalously high local amplitudes (noisy traces) down in order to match the 
average trace amplitudes in that specified region. This module relies on a spectral 
balancing method. Figure 13 shows the effectiveness of these filtering modules on the 
frequency spectrum of the data. 
After filtering the noise from the data, the shot gathers were ready to be sorted 
into CMPs. The binning size used for sorting was 25 m x 37.5 m. The sorted CMPs were 
then used to make a hand-picked 3D velocity model. I constructed several 2D velocity 
profiles spaced every 35 lines using coherency plots in the HANDVEL module. This 
module allowed me to interactively hand-pick velocities for each line at intervals of every 
100 CMPs, while simultaneously applying a normal move-out (NMO) correction and a 
stretch mute to traces that had been distorted more than 30% (mostly at far offsets). Once 
all the 2D velocity profiles were completed, they were combined and velocities between 
the picked profiles were interpolated in order to create the 3D velocity model for the 
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volume. Figure 14 displays an example velocity profile. Using this velocity model, the 
CMPs were then stacked and organized by crossline within each inline. From there, a 
Kirchhoff post-stack time migration was performed using the same velocities from the 
earlier model. Figure 15 shows an example migrated profile from the volume. 
 
 
Figure 13: Spectral analysis of the data after noise filtering. The low frequency noise has 
been largely removed. 
 
Figure 14: Example 2D RMS velocity model from the total 3D velocity model trending 
SW-NE from left to right. Time axes are in ms. Velocities are in m/s.
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Figure 15: Line 1237 with CMP numbers across the top axis and two way travel time in ms on the side axis. This line is shown 
in map view as “A-B” in Figure 10. The extent of the BSR is shown along the lower to middle continental slope. 
The heat flow models were run only along this area. In the overriding plate folded bedding structure is dominant 
until the signal to noise ratio breaks down at about 3500 ms in the margin wedge.
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Seismic Interpretation and Observations 
In this section I discuss how I interpreted seismic horizons, both the seafloor and 
the BSR, within the MGL1106 survey volume and point out some key observations. I 
used Paradigm Geophysical’s GeoDepth software package for my seismic interpretation. 
All maps were gridded as well as scaled from time to depth in this program using the 
RMS velocity model described in the previous section. 
In order to be able to model the heat flow in this area, depth mapping of both the 
seafloor and BSR horizons was necessary. The seafloor was easily picked and gridded, 
and the bathymetry map can be seen in Figure 16. From southwest to northeast in the 
survey, the seafloor transitions from the down-going slab to the deepest point at the 
trench, where it then travels up the continental slope to the shallow shelf. In many places 
the seafloor was observed to have channels cut into it, which the bathymetry data that 
was collected aboard the cruise shows in more detail (Figure 11). The bottom-simulating 
reflector, or BSR, was also mapped on every single line in order to ensure an accurate 
grid with no faulty interpolation (Figure 17). The BSR was observed quite continuously 
throughout the entire survey as a bright, negative polarity reflector that followed the 
topography of the seafloor. Nearest the trench, the BSR came up very close (<100 m) to 
the seafloor, and then went deeper as it traveled up the slope until it fades away at the top 
of the slope. An example seismic profile showing this trend is presented in Figure 18. 
This trend is present along-strike for the entirety of the BSR region and can be observed 
in Figure 19 in map view. The thickness map in Figure 19 was calculated by taking the 
difference between the BSR depth map and the SF depth map, which gave the thickness 
of the gas hydrate stability zone. The position of the BSR is of utmost importance in 
modeling the heat flow and will be discussed in more detail in the next section. 
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Figure 16: Seafloor depth map. Depths are in meters below the sea surface. Included is 
just the portion of the seafloor where the BSR exists, since this is the region 
where the heat flow model was run. Gridding cell size is 50 m x 50 m. 
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Figure 17: BSR depth map. Depths are in meters below the sea surface. Gridding cell size 
is 50 m x 50 m. 
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Figure 18: Example seismic line showing the extent of the BSR. The BSR is closest to 
the seafloor near the trench, and then gets further from the seafloor as it 
progresses up the slope. The area shown here is the continental slope section 
of the margin. 
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Figure 19: Thickness map of the gas hydrate stability zone, computed by taking a horizon 
calculation of the difference between the BSR depth and the SF depth maps. 
The thickness values are in meters. 
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Heat Flow Modeling 
Two separate heat flow models, both three-dimensional, were used in this thesis. 
The first one was developed by Matthew Hornbach (Hornbach et al., 2012). This heat 
flow model compares actual BSR depths to model-predicted BSR depths in order to 
detect areas of anomalous BSR shoaling, which is associated with higher heat flow. The 
second heat flow model was a procedure that I followed from Yamano et al. (1982) that 
uses the heat flow equation in order to estimate actual heat flow in the survey region. 
Both models will be explained in more detail in the following sections. 
Hornbach Heat Flow Model 
I collaborated with Matthew Hornbach in order to model the relative heat flow in 
my study area. This model is a true 3D, steady-state, diffusive heat flow model that 
incorporates seismically-inferred BSR depths and drilling data. It also accounts for 
thermal refraction effects. A constant geothermal gradient of 55°C/km was used to 
predict the depth that the BSR should be. This value was an average geothermal gradient 
taken from data acquired on the Meteor cruise M54/2 from the study area. Since the BSR 
represents the highest temperature at which methane hydrates are stable, all that was 
necessary to predict where the BSR should be was the depth of the seafloor and phase 
boundary temperature for methane hydrates. Using those constraints the model was 
binned and resolved laterally on a 50 m x 50 m grid. Once the depth of the model-
predicted BSR was found, the depth of the actual seismically-picked BSR was then 
subtracted from it at every location in the survey where the BSR was imaged (Figure 20). 
Positive difference values indicate areas where the actual BSR was closer to the seafloor 
than the model predicted, while negative difference values suggest the opposite. In these 
places where the difference values are positive and the actual BSR is closer to the 
seafloor, the geothermal gradient is inferred to be higher and therefore leads to an 
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increased value of heat flow (assuming the thermal conductivity is constant). Therefore, 
this method does not provide actual heat flow values, but instead uses the positive 
relationship between heat flow and the geothermal gradient in order to detect areas of 
anomalous heat flow. Figure 21 shows a grid of the difference values between the model 
and actual BSR depths. 
There is one key observation that can be made about the map of difference values, 
and that is that the values increase steadily landward towards the trench. There is such a 
broad range in values that, in fact, it is difficult to discern any local areas of anomalous 
heat flow. In order to see local trends, the background trend was removed from the map 
(Figure 23). This was done was by taking an average difference value of the surrounding 
values within a kilometer of each grid point, and then subtracting that average 
background value from the actual difference value at that single grid point (Figure 22). In 
other words, a moving average was taken around each grid point. Once the background 
trend was removed from the overall map, many local heat flow anomalies could be seen. 
These local anomalies will be examined in more detail in the next chapter. 
 
 
Figure 20: Schematic to visually explain the difference value calculation. The green 
shaded region represents the difference values between the two described 
BSRs. 
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Figure 21: Map view of the difference values between the model-predicted BSR depth 
and the actual seismic BSR depth. Values are binned in 50m x 50m cells. 
There is an overall along-strike trend of increasing difference values, which 
corresponds with the shoaling of the BSR near the trench. 
 
Figure 22: Schematic to visually show how the background difference value trend was 
removed from the difference map. In essence, a trend line was drawn 
through the actual BSR curve on the top graph and set as the horizontal axis 
at the bottom. The positive (green) and negative (blue) shaded areas on the 
bottom graph represent local anomalies. 
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Figure 23: Map view of the localized difference values between the model-predicted BSR 
depth and the actual seismic BSR depth. Values are binned in 50m x 50m 
cells. There seem to be some linear trending features of local highs in the 
upper part of the region, as well as one very prominent local high in the 
middle part.  
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Quantitative Heat Flow Model 
The Hornbach heat flow model displayed some very interesting trends and 
isolated local heat flow anomalies, as well. However this model only measures heat flow 
in terms of its relation to the geothermal gradient, which is in turn related to the BSR 
difference values. My objective was to supplement this model with a grid of actual heat 
flow values that could be compared to the features seen on the difference value model. I 
followed the following steps in computing the heat flow values throughout the 3D 
seismic survey.  
The equation for heat flow is      
        
        
 , with q being heat flow in W/m
2
, 
k being thermal conductivity in W/(m*K), T being absolute temperature in K, and z being 
depth below the seafloor in m. The subscripts BSR and SF refer to the bottom-simulating 
reflector and seafloor, respectively. The value of k = 0.89 W/(m*K) is from drilling data 
summarized in Harris et al. (2010a). This value was taken along the P-1600 transect, 
which is very close to our study area. For the change in depth values between the BSR 
and the seafloor, I used my gas hydrate stability zone thickness horizon values. The TBSR 
values I computed using the Dickens and Quinby-Hunt (1994) relationship, 
 
 
 
                         
where T is the temperature in K, and P is the pressure in MPa. The pressure was assumed 
to be hydrostatic with the density of seawater being 1050 kg/m
3
. The value of TSF I 
assigned a constant value of 0°C, since seafloor temperatures where methane hydrates are 
stable were both slightly above and below 0°C. The average heat flow value for this 
region was found to be about 120 mW/m
2
, which is close to the conductive prediction of 
110 mW/m
2
 for CNS-generated crust mentioned earlier.  After computing these heat flow 
values for the survey area, I was able to plot them and compare the model with the 
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Hornbach heat flow model (Figure 24). The next chapter will look in more detail at these 
heat flow values. 
 
 
Figure 24: Quantitative heat flow model (left) compared with the Hornbach heat flow 
model (right). The model on the left shows heat flow values and the model 
on the right shows local difference values, which correspond to local heat 
flow anomalies. The overall trend of increasing heat flow towards the trench 
is apparent in the left model. Some linear trends at the top and the high 
round anomaly in the middle show up on the left model as well, though not 
as clearly as on the right model. 
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Chapter 3: Subsurface Features and Heat Flow 
 After completing both heat flow models, several local heat flow anomalies were 
detected. In order to ascertain the cause of these anomalous heat flow signatures, 
comparisons to features in the subsurface were undertaken. I looked at several seismic 
profiles which intersected these regions, and then catalogued the kinds of features that 
were on or below the seafloor. The types of features typically found consisted of faults, 
BSR-intersecting bedding, truncated bedding, double BSRs, mounds, and absent BSRs. 
In this chapter I will correlate several seismic profiles to Hornbach model heat flow 
anomalies according to whether the features on the anomaly map look to be related in a 
linear trend or isolated as individual “bullseyes” (Figures 25 and 26) and then report the 
heat flow values at the corresponding locations from the quantitative heat flow model. 
LINEAR TRENDING FEATURES 
In the first section I will analyze anomaly signatures that define a linear trend. 
There are twelve features which are part of five different linear patterns in the anomaly 
map. These patterns occur in varied locations throughout the survey and do not seem to 
be characteristic of just one area. Features 1-3 are grouped together in one linear pattern, 
4 and 5 are together, 7 is by itself, 10-12 are together, and 14-16 make up the last linear 
trend grouping (Figure 26). These five groupings will each be analyzed in the subsequent 
sections.  
Features 1-3 and 4-5: Linear Bands 
Lines 1077, 1137, and 1171 all intersect the local high heat flow anomaly banded 
features. Starting on the northern-most band, features 1, 2, and 3 are shown in Figures 27, 
28, and 29, respectively. In line 1077 (Figure 27), feature 1 appears at approximately 
CMP 1591 with a heat flow value of 75 mW/m
2
. There is a shallow thrust fault at this  
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Figure 25: Hornbach heat flow model: localized BSR difference map. Seismic profiles 
containing anomaly features discussed in this chapter are labeled. 
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Figure 26: Hornbach heat flow model localized BSR difference map. Anomaly features 
examined in this chapter are labeled by number. Underlined numbers 
indicate isolated bullseye features while non-underlined numbers represent 
linear features. Three linear patterns have been labeled and outlined with 
black dashed lines. 
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Figure 27: Line 1077 with CMP numbers across the top axis and two way travel time in ms on the side axis. Features 
(numbered in yellow) and line location are both shown in map view in Figures 25 and 26. 
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Figure 28: Line 1137 with CMP numbers across the top axis and two way travel time in ms on the side axis. Features 
(numbered in yellow) and line locations are both shown in map view in Figures 25 and 26. 
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Figure 29: Line 1171 with CMP numbers across the top axis and two way travel time in ms on the side axis. Features 
(numbered in yellow) and line locations are both shown in map view in Figures 25 and 26. 
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location, as well as a brightening of the BSR. This portion of the BSR has high amplitude 
stratal reflections oriented upwards in the same angle as the fault. In line 1137 (Figure 
28), feature 2 has a heat flow value of 75 mW/m
2
 and is located at about CMP 1650. 
Even though feature 2 is positioned 2.75 km northeast of feature 1, the BSR is still 
intersected by high amplitude upturned bedding. However, these beds are at a steeper 
angle than in feature 1. Traveling northeast by another 1.68 km, feature 3 can be seen on 
line 1171 (Figure 29). At CMP 1680 on this line, feature 3 has the same bedding 
intersection, though this time the stratal reflections appear to have a high amplitude in 
only a small portion of the bedding plane. The steepness of the bed is about the same, and 
the heat flow here is 76 mW/m
2
. 
Features 1-3 appear to be characterized by high-amplitude, high-angle intersecting 
stratal reflections. Features 4-5 are shown in the same lines. Figure 27 shows feature 4 at 
CMP 1536, which is toward the western-most part of the linear anomaly band. Feature 4 
appears to be located where a thrust fault has intersected the BSR and the seafloor. The 
heat flow in this area is 94 mW/m
2
. Moving about 2.75 km to the northeast, feature 5 is 
located on line 1137 at CMP 1570 (Figure 28). This feature also appears to be associated 
with a thrust fault. The heat flow value here is 85 mW/m
2
. The southern-most banded 
features (4-5) appear to correspond with thrust faults which have intersected the BSR 
and/or seafloor. The heat flow values here are higher than in the northern-most banded 
features (1-3). 
Feature 7: Landward Extent of the BSR 
At the northern-most extent of the study area (the most landward extent of the 
BSR), there is a local anomaly high. Feature 7 is shown on line 1150 at CMP 1891 
(Figure 30). The point of interest here is the bright reflector beneath the BSR at the very 
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landward extent of the BSR on the slope. This bright reflector has the same shape as the 
BSR, but deeper, and looks to be a so-called “double BSR.” A “double BSR” occurs 
when the equilibrium conditions for gas hydrate stability change and cause the upward or 
downward migration of the seismic reflection relative to the previous position of the 
BSR. The heat flow here is about 115 mW/m
2
, which is much higher than the heat flow 
values to the south in the banded features. The presence of a deeper bright reflection, a 
double-BSR, indicates that the depth at which gas hydrates are stable is deeper, with a 
higher pressure and higher temperature (all tectonic and seafloor processes held 
constant). In addition the amplitude of the double-BSR is quite bright, which could be 
due to a concentration of gas accumulating beneath the gas hydrate stability zone. 
Features 10-12: “Lightning Bolt” Anomaly 
Just north of the large red local anomaly on the eastern-most side of the survey 
lies a SW-NE trending jagged linear feature shaped almost like a lightning bolt (Figure 
26). This region has three different seismic lines going through it including lines 1205, 
1220, and 1229 with features 10, 11, and 12, respectively. On line 1205 at CMP 1460, 
feature 10 has a heat flow value of 95 mW/m
2 
(Figure 31). This location looks to have a 
steep seafloor surface with truncated bedding indicative of erosion and a thrust fault 
penetrating the BSR. Feature 11 is seen on line 1220 at CMP 1475, where the same steep 
seafloor and thrust fault characteristics of feature 10 combine with several high amplitude 
anticlinal beds above the BSR (Figure 32). This region has a heat flow value of 95 
mW/m
2
. Feature 12 is seen on line 1229 at CMP 1470 and has a heat flow value of 97 
mW/m
2
 (Figure 33). This location has a very steep seafloor slope with many truncated 
beds between the BSR and the seafloor. These beds appear here with a horizontal 
orientation and higher amplitude, while the BSR below is very faint and/or absent. All 
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three of these spots in the same linear trend appear to be classified by seafloor erosion 
with some having highly reflective bedding in the gas hydrate stability zone. 
 
 
 
Figure 30: Line 1150 with CMP numbers across the top axis and two way travel time in 
ms on the side axis. Features (numbered in yellow) and line locations are 
both shown in map view in Figures 25 and 26. 
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Figure 31: Line 1205 with CMP numbers across the top axis and two way travel time in ms on the side axis. Features 
(numbered in yellow) and line locations are both shown in map view in Figures 25 and 26. 
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Figure 32: Line 1220 with CMP numbers across the top axis and two way travel time in ms on the side axis. Features 
(numbered in yellow) and line locations are both shown in map view in Figures 25 and 26. 
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Figure 33: Line 1229 with CMP numbers across the top axis and two way travel time in ms on the side axis. Features 
(numbered in yellow) and line locations are both shown in map view in Figures 25 and 26.
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Features 14-16: “Boomerang” Anomaly 
In the western part of the bottom portion of the study area there is a local high 
anomaly, which looks like an inverted “V” or a “boomerang” (Figure 26). At each of the 
three points of the shape, a seismic line goes through the feature. The lines 1054, 1065, 
and 1077 contain feature numbers 14, 15, and 16, respectively. The first line, 1054, 
contains feature 14 at CMP 1495 and has a heat flow value of 127 mW/m
2
 (Figure 34). 
At this location there is a shallow thrust fault that intersects both the BSR and the steep 
seafloor. There also appears to be a double BSR right above the current BSR, which 
could be an old or new BSR in transition to equilibrium. At the apex of the “V” is feature 
15 which is located at CMP 1418 on line 1065 (Figure 35). The heat flow here is about 
110 mW/m
2
. This region has a very steep seafloor, as well as a faint BSR that is very 
broken up by faulting. The third point of the “V” is noted by feature 16 on line 1077 at 
CMP 1380 (Figure 27). There is a shallow thrust fault here which intersects both the BSR 
and the seafloor, and the BSR is a lot stronger and much less broken up than in feature 
15. In this location the heat flow is 124 mW/m
2
. The heat flow is greater on the sides of 
the “boomerang” than at the apex. 
 
 54 
 
Figure 34: Line 1054 with CMP numbers across the top axis and two way travel time in 
ms on the side axis. Features (numbered in yellow) and line locations are 
both shown in map view in Figures 25 and 26.
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Figure 35: Line 1065 with CMP numbers across the top axis and two way travel time in ms on the side axis. Features 
(numbered in yellow) and line locations are both shown in map view in Figures 25 and 26. 
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ISOLATED BULLSEYE FEATURES 
In this section I will analyze anomaly signatures that appear to be isolated 
bullseye features. There are seven features that I will be looking at and correlating with 
subsurface structures. These features were picked from varied locations in order to be 
representative of the breadth of the survey (Figures 25 and 26). The northeastern portion, 
central portion, central-eastern portion, and lower portion of the survey were all 
accounted for. These features will each be analyzed in the subsequent sections.  
Feature 6: Northeastern Survey Edge 
Toward the eastern part of the study area, there is a local high anomaly which 
stands alone and not associated with any sort of pattern. Line 1234 goes through this spot, 
and the intersection is marked by feature 6 near CMP 1580 (Figure 36). Here the BSR is 
absent for a stint, but directly above where the BSR should be are horizontal stacked beds 
with some bright reflectors. This horizontal layering is very unusual, because normally 
the strata between the BSR and the seafloor are marked by an acoustic blanking effect. 
The heat flow value here is 76 mW/m
2
. 
Features 8 and 9: Center of the Survey 
In order to look at some isolated local anomalies, not seeming to belong in any 
particular pattern, I examined features 8 and 9 located on lines 1137 and 1171 (Figures 28 
and 29), respectively. Feature 8 is located at CMP 1510 and appears to be the location of 
a shallow thrust fault which intersects the BSR. There is also a bright reflector just 
beneath the BSR there, which could be a double BSR, where the BSR is transitioning to a 
new equilibrium depth. The heat flow at this point is 89 mW/m
2
. On line 1171 around 
CMP 1516 lies feature 9 (Figure 29). This location does not seem to have one distinct 
feature, but rather has a very faint and jumbled BSR and surrounding strata. There are 
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many anticlinal folds beneath the BSR, some of which have bright amplitudes. This could 
be a region where underlying structure within the overriding plate has caused the BSR 
not to be imaged clearly. The heat flow here is 83 mW/m
2
. 
Feature 13: Largest Local Anomaly 
The local high heat flow anomaly that stands out the most in the entire study area 
is the bright red round region on the eastern side of the survey. Line 1220 also goes 
through this feature (number 13) and is located at CMP 1415 (Figure 32). There is a 
mound on the seafloor that measures about 788 m in width. The BSR shoals dramatically 
and follows the form of the mound, resulting in the high difference value anomaly. The 
heat flow value at the peak of the mound is 145 mW/m
2
, with heat flow values of 120 
mW/m
2
 and 116 mW/m
2
 on the left and right flanks, respectively. The BSR is absent 
under the middle of the mound. 
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Figure 36: Line 1234 with CMP numbers across the top axis and two way travel time in 
ms on the side axis. Features (numbered in yellow) and line locations are 
both shown in map view in Figures 25 and 26.
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Features 17-19: Southeastern Survey Region 
Feature 17 can be seen in line 1171 at CMP 1355 (Figure 29). This anomaly 
appears at a location where a seafloor mound is right above the BSR. The BSR here, 
however, stays flat and has not imitated the form of the mound above it. The heat flow 
value here is 109 mW/m
2
, much less than the heat flow at the feature 13 mound. On line 
1205 at CMP 1361, there is another local high anomaly labeled as feature 18 (Figure 31). 
Corresponding to that location is a thrust fault that intersects both the BSR and the 
seafloor. In addition there are bright reflecting strata between the BSR and the seafloor 
that are angled in the same direction at the thrust fault. The heat flow value at this region 
is 127 mW/m
2
. Just southeast is feature 19, which is not a local high anomaly, but rather 
in the average heat flow region. Line 1220 intersects this feature and can be seen in detail 
at CMP 1330 (Figure 32). There is a thrust fault that intersects the BSR and the seafloor 
here, as well as highly-angled intersecting bedding. I have listed both of these attributes 
as characteristics of other local high heat flow anomalies in this study, but in this location 
there is not a local high heat flow anomaly signature. It is interesting to note that the heat 
flow here is 131 mW/m
2
. This value is higher than anomalies in the upper portions of the 
survey, but because the background heat flow increases so much towards the trench, it 
does not appear as a model anomaly.  
SUMMARY 
In this chapter I correlated local anomalies from the Hornbach heat flow model to 
the 3D seismic data. The availability of the 3D seismic reflection volume was very 
important in making subsurface observations. Where previously only 2D lines were 
available to view what was happening in the subsurface, now 3D data gives a more clear 
picture of how widespread some features are and how often they occur in the given study 
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area. In this investigation, I only showed some example lines, but for every feature I 
examined, I took into consideration the surrounding seismic lines as well. The features 
were divided into two groups: 1) features which made up linear-trending patterns and 2) 
isolated bullseye features. 
In the linear trending features, the two linear bands (features 1-3 and 4-5) were 
found to be classified by high-amplitude intersecting bedding and thrust faults for the top 
band and bottom band, respectively. The upper linear band had heat flow values of about 
75 mW/m
2
, with the lower band having values of about 90 mW/m
2
. A double BSR, 
possibly indicating a shift in equilibrium depth, was seen at the most landward extent of 
the BSR with a much higher heat flow of 110 mW/m
2
 (feature 7). Towards the eastern 
part of the survey, a lightning bolt-shaped pattern appeared trending almost W-E 
(features 10-12). Three seismic lines through this feature revealed truncated bedding and 
a steep seafloor, indicative of seafloor erosion, as well as bright amplitude bedding above 
the BSR. The heat flow values were consistent at 95 mW/m
2
. At the western end of the 
bottom portion of the survey, a “boomerang”-shaped local high anomaly (features 14-16) 
was examined in three different seismic lines. The sides of this anomaly consisted of 
thrust faults with a possible double BSR on the west side, while the apex of the feature 
included a very broken up BSR with a steep seafloor. The sides of the feature had a 
higher average heat flow value of 125 mW/m
2, while the top of the feature’s heat flow 
was 110 mW/m
2
. 
For the isolated bullseye features, several anomalies were observed throughout 
the survey area. In the eastern part of the survey (feature 6) an anomaly with an absent 
BSR and horizontally stacked strata above the BSR was discovered, but with a lower heat 
flow of 76 mW/m
2
. There were some central features (features 8-9) with anomalies 
coinciding with faulting and an unclear BSR, with a lot of underlying disrupting 
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structure. The heat flow values at those locations were about 86 mW/m
2
. Perhaps the 
most prominent anomaly was the mound on the seafloor characterized by the highest 
local difference value (feature 13). This mound has a heat flow value of 145 mW/m
2
, 
which is much higher than the surrounding area. In the region closest to the trench, heat 
flow values were higher overall than in the upper part of the survey. However, there were 
not as many local high anomalies seemingly due to the fact that there was high heat flow 
everywhere. The other three anomalies were located in the central and eastern sides of the 
bottom survey portion. One anomaly closer to the center (feature 17) corresponded to the 
location of a seafloor mound with a heat flow of 109 mW/m
2
. The other more eastern 
features (18 and 19) were located in places with thrust faults intersecting the BSR with an 
average heat flow value of 129 mW/m
2
. 
Patterns and heat flow trends throughout the study area were found and described 
in this chapter. The kinds of seismic subsurface features and the locations of the 
anomalies they match up with will be very important in establishing a heat flow regime in 
this region. The next chapter will go into further detail on how heat is transported in this 
part of the margin, and what the implications are for the thermal regime. 
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Chapter 4:  Discussion and Conclusions 
In Chapter 1, I introduced the study area of Costa Rica and presented both the 
problem of having only 2D heat flow models and the solution of building on previous 2D 
heat flow models with 3D heat flow coverage. In Chapter 2, I described the geologic 
setting and background information on methane hydrates, as well as the methods used for 
heat flow modeling. These methods included 3D seismic reflection data acquisition, 
processing, and interpretation of the seafloor and BSR. Those interpretations were then 
put into the Hornbach et al. (2012) heat flow model as well as the quantitative heat flow 
model. The results of the heat flow models were then compared to seismic subsurface 
features in Chapter 3. In this final chapter, I will discuss the results from the previous 
chapter and offer conclusions from this thesis of study. 
DISCUSSION 
Heat Flow Anomaly Features 
As seen in the models in this thesis, there were numerous local heat flow 
anomalies. These areas of high heat flow were associated with shallow thrust faults, 
seafloor erosion, intersecting bedding planes, and seafloor mounds. The most widespread 
feature of these was thrust faults. In a majority of high heat flow anomalies, there was a 
thrust fault present. These faults are likely providing a way for these hot fluids and/or 
gases to reach the shallow subsurface from depth. Nearby geochemical studies of Mound 
11 have revealed a thermogenic source for methane (Schmidt et al., 2005). Organic-rich 
subducting sediments undergo thermal decomposition of organic matter, and the 
methane-rich pore fluids migrate upwards through fractures in the margin wedge forming 
methane hydrates near the seafloor (Schmidt et al., 2005). Another way for heat to advect 
to the surface is along permeable stratigraphic layers. These high-amplitude reflections 
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define beds that intersect the BSR at steeper angles are apparent in different parts of the 
survey, but especially in the northern-most portion in the top linear banded feature 
discussed earlier. The way that the same orientation of bedding exists in that linear 
pattern across the survey implies that the fluid advection may be facilitated by a specific 
type of deformation structure beneath the BSR. As shown on many of the seismic 
profiles, there is a folded structure with alternating synclines and anticlines that 
characterizes the bedding throughout the overriding plate. These folds are imaged deep 
into the margin wedge and could be providing stratigraphic pathways for hot fluids 
and/or gases to migrate upwards along their flanks. The peaks of these anticlinal folds 
often intersect the BSR, with the high-angled flanks coming up from depth penetrating 
the BSR as well, delivering gases and/or fluids close to the seafloor. Because these high-
angled intersecting beds (fold flanks) have observed bright amplitudes, it is even more 
likely that gases are traveling upwards within them. The presence of gas in these beds 
would greatly increase the impedance contrast between the surrounding gasless strata and 
the gas-filled flanks of the folds. 
In two different places in the survey area, seafloor mounds were observed. The 
largest heat flow anomaly on the Hornbach heat flow model is the feature 13 mound. The 
high heat flow value of 145 mW/m
2
 implies that fluids and/or gases are most likely being 
vented from this feature, although without fluid samples we cannot be sure that 
dissociated methane is being released into the water column at this site. This mound is 
located on the eastern side of the survey at the transition from the lower slope to the 
middle slope. The other smaller seafloor mound, feature 17, is located slightly more 
centrally but is in the same transitioning slope area with a heat flow of only 109 mW/m
2
. 
Other mounds have been studied extensively throughout the Costa Rican margin (e.g. 
Bohrmann et al., 2002; Grevemeyer et al., 2004; Petersen et al., 2009; Schmidt et al., 
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2005) and are considered to be commonly occurring conduits for venting fluids and/or 
gases. The general lack of mud extrusion from surveyed mounds leads to the conclusion 
that these mounds off the Costa Rican margin are not mud volcanoes, but are associated 
with fluid seepage (Petersen et al., 2009). The fluids seeping out of the nearby Mound 11 
are characterized by chemistry unique to fluids released and ascended to the seafloor 
from clay transformation reactions near the updip limit of the seismogenic zone (Hensen 
et al., 2004). In addition, the high B/Li ratio found there was indicative of fluids sourced 
from a mixture of subducted sediment and eroded upper plate material (Tryon et al., 
2010). 
Another seafloor feature associated with some of these heat flow anomalies is 
seafloor erosion. In areas where the seafloor slope is quite steep, there also appear to be 
truncated bedding, absent BSRs, bright reflectors in the zone between the BSR and the 
seafloor, and double BSRs. What could be happening in these areas is that through some 
event, whether it is a slump, landslide, or subsidence, the seafloor has been eroded and 
caused the equilibrium for gas hydrate stability to change. Since the BSR marks a certain 
temperature and pressure phase boundary for methane hydrates, removing a portion of 
overlying seafloor sediments effects the equilibrium location for the BSR. When these 
sediments are removed, the temperature decreases in the hydrate stability zone, 
promoting the absorption of methane gas into hydrates. This absorption of free gas into 
hydrate would suppress the formation of a BSR and make it appear absent. Because the 
BSR does not equilibrate immediately, the transition in BSR position can be represented 
by a double BSR. Double BSRs are seen in different places throughout the survey and are 
not held to a specific region. It is important to understand that when the seafloor has been 
eroded and the BSR has not moved to greater depth, the geothermal gradient will be seen 
as higher in the heat flow model and yield a high heat flow anomaly.     
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Heat Flow Trends 
When looking at the non-localized version of the Hornbach heat flow model and 
the quantitative heat flow model, the biggest generalization that can be made is that the 
heat flow increases dramatically towards the trench. This trend has been seen before in 
other areas of the Costa Rican margin and is attributed to large amounts of fluids 
advecting through the prism toe (e.g. Harris et al., 2010a; Saffer et al., 2000; Silver et al., 
2000). Since the majority of all incoming sediment is initially subducted, there is a large 
amount of pore fluid that is subducted along with it. These fluids are released from the 
sediments by compaction loading and are driven upwards along the decollement (Saffer 
et al., 2000). The fluids carry a lot of heat with them, contributing to the high heat flow 
trend near the trench. At greater depths, sediment dehydration reactions take place and 
cause fluids to advectively transport heat along the decollement as well (e.g. Chan and 
Kastner, 2000).  
Heat flow values also vary considerably landward of the trench, and localized 
heat flow values can be much higher than background heat flow. The subsurface features 
discussed in the previous section all contribute to high local heat flow signatures. 
Detecting genuine high heat flow values from just BSR depths can be misleading. The 
depth of the BSR depends directly on the seismic velocities used to process the data. 
Where there are areas of higher methane hydrate concentration, the velocity should 
increase (e.g. Hornbach et al., 2012), but if the velocities are too high, then the BSR 
depth will be positioned too low, and vice versa. The velocity model I made for this 
survey was very smooth and did not include the kind of detail that could account for 
hydrate concentration changes. In addition to BSR depths influencing heat flow 
estimates, temperature estimates at the BSR and the seafloor are also important. For the 
temperature at the BSR, the Dickens and Quinby-Hunt (1994) relation was used, which 
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assumed a primary composition of methane in seawater. If there were any other 
composition besides pure methane in seawater, then the relation could be incorrect and 
give erroneous BSR temperature values. Also, the temperature of the seafloor that I used 
was a constant value of 0°C. This could be accurate for some parts of the survey, but 
most likely the seafloor temperature fluctuates. Because I did not have temperature data 
for the entire seafloor, I simplified the model by using a constant value. This could also 
be a source of error in the geothermal gradient, and thus in the heat flow. Thermal 
conductivities in this area are well constrained by drilling data (Harris et al., 2010a), so 
using a constant thermal conductivity value probably did not introduce significant error in 
the heat flow calculation. Because the margin of error of each contributing factor in 
computing the heat flow is extremely variable, it would be difficult to constrain an 
accurate error percentage estimate. 
Despite all these sources of uncertainty in my quantitative heat flow model, it 
gives values that generally agree with heat flow values from 2D models done in the 
vicinity of the CRISP 3D survey. Harris et al. (2010a) have compiled a table of heat flow 
measurements taken as well as heat flow modeled by BSRs. In the Cocos Ridge segment 
of the margin they found that heat flow values locally exceed 150 mW/m
2
 within 5 km of 
the trench. This agrees with my heat flow values, where near the trench it is common to 
see heat flow values of greater than 200 mW/m
2
 (Figure 37). Figure 37 displays graphs of 
heat flow vs. distance from the deformation front from the P-1600 line (Figures 3 and 4) 
and the nearby line 1137 from the CRISP 3D survey (Figure 25). At this part of the 
margin, the Cocos Ridge is being subducted, and because of this the slope of the margin 
is much shorter and steeper than elsewhere. Since no notable local heat flow anomalies 
appeared close to the trench, the markedly high heat flow seems to be the result of both 
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compaction and dehydration reactions near the toe of the prism, as suggested by Ranero 
et al. (2008). 
 
 
Figure 37: Comparison of heat flow profiles from line 1137 in the CRISP 3D seismic 
survey and line P-1600 from Harris et al. (2010a). Figures 25 and 3 show 
the locations of lines 1137 and P-1600, respectively. A) Heat flow for line 
1137 is BSR-derived and values near the trench reach a high of over 350°C, 
then decrease landward. B) Blue values are BSR-derived, grey bubbles are 
heat probe measurements, and black bubbles denote heat flow values within 
2.5 km of a BSR-derived value. (Modified from Harris et al., 2010a). 
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Margin Variations in Heat Flow 
The heat flow along different regions of the Costa Rican margin varies quite 
considerably. Near the Nicoya Peninsula, Langseth and Silver (1996) modeled the heat 
flow and found that it was extremely low compared to the conductive model heat flow 
values for oceanic crust of that age. The abnormally low heat flow values of less than 40 
mW/m
2
 are attributed to cool seawater circulating through the subducting crust through 
normal faults near the surface (Langseth and Silver, 1996). Traveling further south and 
crossing the plate suture, the heat flow increases dramatically (Fisher et al., 2003; Hutnak 
et al., 2007). In the Fisher seamount segment of the margin, heat flow values are widely 
spread, though they are greater than in the Nicoya segment. BSRs are not as continuous 
at this part of the margin due to deformation from seamount subduction. However, the 
heat flow values measured are over 100 mW/m
2
 near the trench, but decrease drastically 
landward to about 50 mW/m
2
 (Harris et al., 2010a). 
Both of the above segments have lower heat flow than the Cocos Ridge segment 
of the margin, where the CRISP 3D survey is located. Although Harris et al. (2010a) 
describe heat flow values over 150 mW/m
2
 near the trench, the heat flow values I get 
nearest the trench are well above that mark. Some isolated values are close to 1000 
mW/m
2
. Initially these values seemed outrageously high, but upon looking at where they 
are located on the very southern edge of the study area, they do not seem to be a result of 
inaccurate edge effects (inaccurate excessive shoaling of the BSR towards the seafloor 
past where the BSR terminates near the trench would result in too high of a geothermal 
gradient). In fact, in these areas the BSR is extremely close to the seafloor, indicating a 
very high geothermal gradient and super high heat flow. These heat flow values that I 
have calculated in my model are considerably higher than the values previously published 
for the Cocos Ridge segment.  
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CONCLUSIONS 
Explanation for High Heat Flow  
The higher heat flow values predicted in the quantitative heat flow model require 
an explanation for the source of such high heat. The differences in EPR- and CNS-
generated oceanic crust are key to understanding the heat flow variations. The CNS-
generated crust as stated earlier in the thesis is younger, thicker, warmer, and more 
buoyant than EPR crust (Christeson et al., 1999; DeMets, 2001; DeShon et al., 2003; 
Harris et al., 2010a; Stavenhagen, 1998; von Huene et al., 2000). The CNS subducting 
slab also has a shallower dip angle. The combination of subduction of all oceanic 
sediments with subduction of the Cocos Ridge puts the most material consistently being 
subducted at our survey location. When this material is subducted at such a shallow dip 
angle (compared to greater angles to the north) (Christeson et al., 1999; DeShon et al., 
2003; Stavenhagen, 1998), the fluids that are driven from the sediment are already closer 
to the seafloor surface than they would be if the dip angle was steeper. This lack of extra 
distance (insulation) between the underthrust sediments and the trench facilitates the 
transfer of massive amounts of heat-rich fluids to the toe of the prism and up through the 
lower slope (Harris et al., 2010a; Harris et al., 2010b). This large background trend, in 
addition to local advection of heat through faults, bedding, and mounds on the continental 
slope, is what gives this survey area its high heat flow signature.  
In addition to the prominent heat flow background trend, the conclusion that the 
migrating methane is thermogenically-sourced is important. Since the heat at this margin 
is in part transferred advectively from a deep source on the plate boundary, it gives 
credence to the idea that these processes are in fact representative of a regional trend 
throughout this survey area. With this regional trend, the heat flow values can be treated 
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with more certainty since the advecting fluids do not appear to be from isolated sources at 
depth.  
Implications 
The broad range of heat flow values which increase so dramatically near the 
trench have broad impacts on subduction zone processes. Although I have not undertaken 
the task of making a thermal model of the entire study area, with the heat flow values 
near the trench being higher that previously published, the thermal regime of the margin 
would most likely change. Higher heat flow values at the trench would cause the 100-
150°C isotherm to be shallower and extend seaward from where they are previously 
thought to be located (Harris et al., 2010b). Already, estimates of this isotherm extend 
further seaward on the southern portion of the margin than in the northern part. Since the 
100-150°C isotherm has been shown to correspond to the updip limit of the seismogenic 
zone at many margins, this result suggests a wider seismogenic zone with more 
earthquakes rupturing further away from land, increasing the likelihood of a tsunami.  
In regard to methane hydrate reserves, a higher heat flow could mean different 
things. Assuming that the advective fluids and/or gases migrating upwards into the 
methane hydrate stability zone contain thermogenically-produced methane (Hensen et al., 
2004; Schmidt et al., 2005), this could increase the amount of hydrate, or the 
concentration of hydrate, in this region. The other way that high heat flow could affect 
hydrates is by increasing the temperature gradient near the seafloor, and thus theoretically 
reducing the thickness of the gas hydrate stability zone. In addition, if mounds and faults 
on the seafloor are acting as venting conduits, then the flux of methane being released 
into the water column could be substantial. Seafloor erosion by landslides or slumping 
would also cause the dissociation of methane into the water column. The global amount 
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of methane estimated to be released from the seafloor into the water column is 20x10
12
 
g/yr (Kvenvolden et al., 2001), and from 48 seafloor mound venting sites offshore Costa 
Rica, the estimated total methane output is 310x10
6
 g/yr (Mau et al., 2006). The 
temperature of the hydrate stability zone, then, is very important to the stability of 
hydrates and thus the amount of hydrates present at this margin. 
With this CRISP 3D seismic data set, I was able to apply two different heat flow 
models in order to add to the knowledge of the distribution of heat flow off the southern 
Costa Rican margin. The heat flow values found in this study are higher than previously 
published in the same study area, and several heat flow anomalies were discovered. One 
such anomaly, a large seafloor mound, deserves future study. Overall, the higher heat 
flow values could lead to a migration of the 150°C isotherm associated with the updip 
limit of the seismogenic zone and affect the amount of methane hydrates present at the 
Costa Rican convergent margin. 
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Summary 
1) The Costa Rican convergent margin provides a diverse environment to study 
heat flow due to along-strike variations in the subducting plate, although all 
published heat flow models have been two-dimensional, varying only in the 
dip direction. 
2) A 3D seismic reflection volume (CRISP 3D) was acquired, processed, and 
interpreted in the southern part of the margin near the Cocos Ridge segment 
and the Osa Peninsula.  
3) Bottom-simulating reflectors (BSRs) are oftentimes imaged in the presence of 
gas hydrates, and these BSR depths were used as isotherms to model heat 
flow. 
4) A large background trend of increasing heat flow from land towards the trench 
was seen as well as local high heat flow anomalies on the continental slope.   
5) Using both the Hornbach heat flow model and a quantitative heat flow model, 
I was able to locate areas of local anomalous heat flow and compare these 
regions with subsurface features in the 3D seismic reflection data. 
6) Thrust faults, seafloor mounds, seafloor erosion, intersecting bedding planes, 
and double BSRs were all correlated to locations of local high heat flow. 
7) The large amount of sediment and thicker crust of the Cocos Ridge being 
subducted increased the amount of heat flow near the trench through increased 
amounts of fluids being driven out of the subducting slab. 
8) The increase in heat flow from previous models near the trench has 
implications for pushing the updip limit of seismicity seaward, while the 
impact on the stability of methane hydrates is less clear. 
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